Slug flow in a horizontal and slightly downwardly inclined pipeline by Brock, Eric E.
UNIVERSITY OF ILLINOIS
May 14,  to
TH IS IS TO CERTIFY THAT THE TH ESIS PREPARED UN D ER  MY SUPERVISIO N BY
E r i c  E . B r o c  k
ENTITLED.
Slug Flow in Horizontal and
S 1 i g h 1 1 y Do wnwa r d l y  1 n c 1 1 n e d P i p e 1 tnt* s
DEGREE OF. Bachelor of Soil*nce
i n C h e m i c a l  E n g i n e e r i n g
Instructor in Ch^rj e
A pproved:
HEAD OF DEPARTM ENT OF.
CHEMICAL ENGINEERING
0*1364
UNIVERSITY OF ILLINOIS
19 92
TH IS IS TO CERTIFY THAT THE THESIS PREPARED UNDER MY SUPERVISION BY
E r i c E . B r o c k
ENTITLED
Slug Flow in Hor 1 ?.on t a 1 nnd
Slightly Downwardly Inclined Pipelines
IS APPROVED BY ME AS FULFILLING THIS PART OF THE REQUIREMENTS FOR THE  
DEGREE O F.......................Ba.cfce lo r ....o f... itS c i  e n c  e ........................ ...............................
In Ch' mica 1 Engineering*******.........................................*****............. *..............*.............. ...» i
n
Ins ructor in Ch^rj *
A m ovE D :.../..................................................
i!}
HEAD OF DEPARTM ENT OF...........
OU64
Slug Flow in a Horizontal and Slightly
Downwardly Inclined Pipeline
by
Eric E. Brock
Thesis
for the
Degree of Bachelor of Science 
in
Chemical Engineering
College of Liberal Arts and Sciences 
University of Illinois 
Urbana, Illinois
1992
Eric G. Brock, B.S.
Department of Chemical Engineering 
University of Illinois at Urbana-Champaign, 1992
Dr. T. J. Ilanratty
Slug Flow in a Horizontal and Slightly Downwardly Inclined Pipeline
The transition to slug flow was studied in a 9.53 cm pipeline.
This transition is very sensitive to small angles of inclination. It was 
found that the superficial flow rate of water needed to initial slug flow 
increases from 0.18 meters per second to 0.38 meters per second as 
the pipeline is downwardly inclined from the horizontal to 0.5 degrees 
The height of liquid, just before the transition occurs, also varies 
with downward inclination. It is found that it rises as the downward 
inclination increases, when the transition is from wavy stratified flow 
to slug flow. As the inclination increases more the wavy stratified 
flow is replaced with a smooth stratified flow. This causes the liquid 
height necessary for slug flow to decrease.
The data from this report is compared with recent studies done 
by U n(l985), Williams (1990), and Fan (1991). The main difference 
between this report and the works by Lin and Williams is that a 
mixing chamber was used to introduce the liquid and the gas flows,
Lin and Williams used
m
a "T" intersection. The mixing chamber require larger liquid flow 
to initiate slug flow which indicates that the "T" intersection cause 
slug flow to develop prematurely.
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I. INTRODUCTION AND REVIEW OF LITERATURE
Slug flow occurs for certain gas and liquid velocities in a two 
phase flow system. It has been of interest for many years because of 
its destructive nature. It causes large pressure and momentum 
fluctuation in pipelines, which can damage pumps, fixtures, and other 
flow system components.
One of the first successful mathematical analyses of slug flow 
was done by Dukler and Hubbard (1975). Their model allows for the 
prediction of the pressure drop due to slug flow by considering the 
initial acceleration of the liquid and the frictional lose between the 
liquid and the pipeline.
Recent work done at the University of Illinois by Lin (1985) 
helped define the superficial liquid and gas velocities at which slug 
flow occurs by contrasting slug flow with a new flow regime know as 
pseudo-slug flow. Pseudo-slug flow visually looks the same as slug 
flow, but the characteristic pressure pulsations associated with slug 
flow do not develop. Lin was able to study the pseudo-sing flow 
regime, and contrast it with slug flow using conductance probes. The 
conductance probe measures the liquid height in the pipeline by 
applying a small voltage across two wires suspended in the pipe. Lin 
also applied the Kelvin-Helmholtz
1
instability theory to slug flow to develop theoretical equations which 
predict the liquid height necessary to initiate slug flow due to long 
wavelength disturbances.
Bontozoglou (1988) and Andritsis and Hanratty (1987a) 
improved Lin's instability analysis by considering long and short 
wavelength disturbances. Ruder et al (1989) also approached the 
problem of slug flow stability by examining necessary conditions for 
slugs to form.
Williams (1990) built a pipeline at the University of Illinois that 
is able to incline with a positive or negative slope to the hundredth of 
a degree accuracy. Using this pipeline and the conductance probe, 
Williams was able to examine how inclination effects the transition to 
slug flow. Williams also studied how the liquid phase viscosity effect 
the transition to slug flow by using different mixtures of glycerin and 
water.
II. BACKGROUND AND THEORY
Definition and Recognition of Slug Flow Regime
There are many different multiphase flow regimes. Figure 2.1 is 
a map produced by Lin (1985). It shows that the flow pattern that 
develops at a particular superficial liquid and superficial gas flow rate 
is dependent on the diameter of the pipeline used. Lin's plot shows
2
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where the transitions between flow regimes occur for a 9.53 cm 
pipeline and a 2.54 cm pipeline.
This report examines the transition from smooth and wavy 
stratified flow to slug flow in a 9.53 cm pipeline. A smooth stratified 
flow occurs when the gas velocity is small enough that there is very 
little disturbance at the gas-liquid interface. This flow regime is 
actually difficult to obtain in a horizontal, air-water, 9.53 cm pipeline. 
Williams (1990) was able to obtain smooth stratified flow by 
increasing the viscosity of the water with the addition of glycerine. 
However, a smooth stratified flow was observed in this study with air- 
water flows at low gas flow rates when the pipeline was downwardly 
inclined over 0.10 degrees.
In contrast to smooth flow, the wavy stratified flow regime is 
common. A sample of wavy stratified flow can be found in figure 2.2. 
The liquid phase travels along the bottom of the pipeline, and the gas 
phase travels above the liquid. The interface, in this case, exhibits 
long and short wavelength waves of varying amplitudes. Two short 
(order of magnitude of the pipe diameter) wavelength wave crests are 
visible in figure 2.2.
These waves may increase in amplitude until they fill the entire 
pipeline, momentarily blocking the gas flow rate. These large 
amplitude waves are often highly aerated. Under certain conditions 
the blockage of liquid might not decay. This mass of liquid, known as 
a slug, completely blocks the direct passage of gas. The slow moving
4
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mass of liquid quickly accelerates to a velocity close to that of the gas. 
There is a sizable pressure drop across the slug due to the sudden 
acceleration of the liquid, the frictional resistance, and deceleration of 
the liquid in the slug as fluid is shed out the back of the slug. Liquid is 
swept out of the pipeline by the fast moving slug as it grows in size. 
The average liquid level in the pipeline might easily decrease by 50% 
because of the passage of a slug. Figure 2.3 is a diagram of a slug.
Due to the high speed, the turbulence, and the aeration of slugs, 
it is sometimes difficult to identify true slug flow. The simplest 
method for slug detection is visual observation. Lin (19X5) su ggests 
lhat special under-pipeline-lighting might facilitate visual observation. 
The lighting allows one to observe if the mass of liquid is actually 
bridging the entire pipeline. The speed of the mass of fluid is also an 
important means of detection since the slug should be traveling 
significantly faster than the liquid medium.
As the aeration of a slug increases at higher gas flow rates, 
visual observation of slugging becomes increasingly more difficult.
Two other types of identification remain: conductance probes and
pressure transducers. Figure 2.4 shows three in-line conductance 
probes and one pressure transducer contained in the test section used 
in this study. The conductance probe measures the voltage across two 
platinum wires suspended in the center of the pipe line. A 3 kHz 
sinusoidal wave source is sent to the probe from a Wavetek® function 
generator. The resulting signal voltage strength is related to the
6
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height of water in the pipeline. The output signal can be monitored on 
an oscilloscope, on a voltage meter, or stored in an 1MB personal 
computer. A pair of conductance probes can detect the passage of a 
slug by measuring the slug speed and the amount of aeration of the 
slug.
The best method to detect the presence erf slugs is the local 
pressure transducer. Fan designed the pressure transducer shown in 
Figure 2.4. Most studies in the past used a pressure transducer 
located on the bottom of the pipeline in the liquid medium. By 
locating the transducer on the top of the pipeline Fan obtained a 
faster, more accurate response. The measurement of any substantial 
pressure drop with the passage of a large amount of fluid is evidence 
of slugging. Large amplitude waves, plugs, and pseudo slugs (Lin 
1985) are all flow regimes that look and act similarly to slugs except 
that they do not display the characteristic pre  ^ e drop.
Kelvin-Helmholtz Instability Theory
Lin and Uanratty (1986) developed « stability model to predict 
the transition from wavy stratified flow to slug flow based on the 
Kelvin-Helmholtz instability theory. They felt that the initiation of 
slug flow was due in part to long wavelength, small amplitude waves 
moving at the interface between the liquid and the gas. This can be 
imagined as a large wave length wave superimposed on the rough
9
interface between the liquid and gas (small wave length waves). The stability 
criterion for the stratified flow as developed by Lin for a circular pipe is given 
as
"It is noted that the right hand side of 1(2)1 is a function of I the average liquid 
heightl. fi/fs, pipe diam eter and fluid properties” (Lin 1985).
The graphical interpretation of equation (1) is shown in figure 2.5 
where h/D is plotted versus Proude number.
The physical interpretation of the Kelvin-Helmholtz instability 
(theory! represented by ((1 )| is as follows: The presence of waves at 
the interface causes a velocity maximum in the gas at the crest and a 
velocity minimum at the trough. According to the Bernoulli equation 
this flow variation is associated w ith a pressure minimum at the liquid 
surface at the crest and a pressure maximum at the trough. If the 
destabilizing influence of these forces is large enough to overcome the 
stabilizing effect
10
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of gravity, instability occurs (Hanratty, Bontozoglou, and
Andritsos 1990).
From equations I and 2 one would expect slugging to occur in 
inclined pipes at the same liquid height as observed for horizontal 
pipes. Because the liquid would be draining faster in a downwardly 
inclined pipeline, a larger superficial liquid velocity, VS|, would then 
be necessary to initiate slugging. This approximation, of course, does 
not take into account the effect of an increase in liquid velocity, an 
increased wave velocity, nor the change of stability because the 
gravitational force is no longer perpendicular to the wave amplitude.
Mixing Chamber
Most studies involving two phase flow introduce the liquid and 
the gas to the pipeline using a "T” intersection (figure 2.6). This setup 
offers the advantage of great durability, which is necessary if the 
study involves high pressures or rapidly fluctuating pressures. One 
problem with this setup is that it introduces the gas into the liquid 
stream in a very turbulent manner.
The sudden acceleration of the liquid at a T-intersection is 
responsible for causing destabilizing wave patterns. Any acceleration 
caused by a bend in a pipeline or a contraction or expansion may 
initiate slug flow prematurely. To remove this problem, a mixing 
chamber was installed at one end of the pipeline designed by Williams 
(1990). The mixing chamber (figure 2.7) allows a smooth acceleration
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to stratified flow. The "venturi-type” entrance frum the mixing 
chamber to the pipeline also helps reduce turbulence.
Of course one of the problems with this design is that it is 
structurally less sound than a T-intersection. Precautions have to be 
taken to insure safe operation. Steel bars, which can be seen in figure 
2.7, help contain any rupture caused by a sudden pressure increase. 
Lower liquid and gas velocities also need to be maintained. An 
improved design of the mixing box would involve the use of a 
cylindrical mixer which would increase the strength of the structure.
III. EXPERIMENTAL APPARATUS AND PROCEDURE
The experimental apparatus was designed and built by Williams 
(1990). The test section is a 9.53 cm clear Plexiglass pipeline 26.5 
meters long. The gas and liquid enter the pipeline through a clear 
mixing chamber also constructed from Plexiglass. This unit is 
displayed in figure 2.7. The gas-liquid mixture moves down the 
pipeline toward a large steel drum, also called a "slug catcher." The 
slug catcher is large enough to allow separation of the two phases. The 
gas is released into the atmosphere out of the top of the slug catcher 
after passing through a demister and a muffler. The liquid passes out 
of the bottom of the slug catcher to a surge tank which recycles the 
liquid.
Liquid Service
Figure 3.1 shows the layout of the liquid service system. Water 
can be supplied to the test section by using the city municipal water 
line or by recycling the water to a surge tank using a Grundfos 7-stage 
centrifugal pump. This pump can supply 76 liters per minute at a 
pressure of 6.20x105 Pa. The water from the pump first passes 
though a heat exchanger to remove the heat added by pumping.
Water from the city municipal line is used as the coolant. The flow 
rate of the water is measured by passing the water through one of 
three venturi meters. The 3/4 inch supply line and the 1 inch supply 
line were used for calibration of the conductance probe only, while the 
2 1/2 inch line was used for calibration and experimental runs. The 
pressure drop across a venturi meter is measured using a differential 
pressure manometer filled with meriam blue oil. The density of 
meriam blue is 1.73 g/ml. Calibration data for the liquid flow rate as 
recorded by Williams (1990) can be found in Appendix A.
Gas Service
Figure 3.2 shows the layout of the gas service system.
Compressed air is supplied by an Ingersoll Rand air compressor, which 
is capable of delivering 1200 SCFM. Air from the compressor is 
stored in a tank farm in order to supply a constant supply of air. The 
air travels from the tank farm to the system in a 1 inch supply line. 
The flow rate is controlled by a 1 inch globe valve. The valve is
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opened and closed pneumatically by a Fisher 4194 differential 
pressure controller. The differential pressure reading is obtained from 
a orifice meter with a 1.19 cm diameter. A reading from the orifice 
meter can also be obtained from one of two differential pressure 
manometers. The low gas velocity manometer uses meriam red oil 
with a density of 0.827 g/ml. The high velocity manometer uses 
mercury. Calibration data performed by Williams appears in 
Appendix A.
The orifice meter might have been damaged after calibration by 
Williams (1990) as there is a slow leak from the down stream 
pressure tap. Recalibration of the gas flow system would be 
recommended.
Conductance Probe
The conductance probe was calibrated with the gas flow off to 
reduce the turbulence in order to measure an accurate visual liquid 
height in the test pipeline. This visual measurement was made using a 
strip of graph paper wrapped around the circumference of the pipe as 
pictured in figure 2.4. A plot of the conductance probe calibration is 
shown in figure 3.3. This plot shows a nonlinear concave up 
relationship between the voltage divided by the maximum voltage 
versus the height, h, divided by the diameter, D, of the pipeline. This 
result is surprising since Lin (1985) reported the relationship to be
Ck"N*
si
V OLT /V  OLT mas
Figiffe 3 3
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linear. The maximum voltage is the voltage measured with the 
pipeline filled with water. Conductance values have a strong 
relationship with the temperature of the water which is why it is 
important to record the maximum conductance after every 
experiment. During one afternoon this value changed by 20% while 
using municipal water. Similar results were observed with recycled 
water. For all height measurements reported, the following 
measurements are provided unless otherwise noted: the conductance
average height measurement, the visual average carpet height, and 
the visual maximum peak height. The conductance probe average 
liquid height was generated by the program Streamer® sampling the 
pipeline conditions at 0.5 kHz for 40.960 seconds or at 2.0 kHz for 
10.240 seconds. The measurements were then averaged to provide a 
height value or plotted to show the dynamics of the flow regime.
Tilting Mechanism
The tilting mechanism was designed by William (1990). The 
pipeline is supported by five pairs of lifting screws. Several of these 
lifting stations and most of the pipeline are displayed in figure 3.4. it 
allows the entire platform and pipeline to be tilled to the hundredth of 
a degree. The amount of tilting is monitored with a Max Count Jr. 
digital display. This unit displays the number of revolutions the drive 
shaft has made in moving the pipeline away from the horizontal. A 
total of 3434.85 revolutions is equivalent to a pipeline angle of one
21
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degree. Figure 3.5 shows the calibration of the tilting mechanism 
using two open ended manometers attached to the pipeline. The 
manometers are two glass burets that have had the glass stopcocks 
removed. They are connected by 15.05 meters of plastic tubing. 
Williams used a similar method to level the aluminum platform when 
he was attaching it to the screw lifting stations. The resolution of the 
manometer becomes limited as the pipeline reaches the horizontal.
The Max Count Jr's reading is more accurate for small changes in 
inclination as it is based on the mechanical relationship developed by 
Williams based on gear ratios and screw lift per rotation of the drive 
mechanism. The manometer system is still important for the initial 
leveling of the pipe to insure that it is horizontal before beginning any 
experiments. Measurements with the manometer for small changes in 
inclination can be improved in accuracy by waiting a sufficient amount 
of time for the water level to readjust. The intersurfaee tension 
between the water and the glass has to be overcome by the 
gravitational force.
The overall angle of inclination is only accurate if the pipeline is 
level on the aluminum platform, as it is the platform that is actually 
tilted by the lifting stations. This is partially overcome by attaching 
the manometers to the pipeline. The entire pipeline was leveled one 
section at a time using a 0.8 m aluminum bubble level as the parts 
were tightened together. There is still some trouble with the overall 
levelness of the entire pipeline since the entrance to the slug catcher is
M u Count Jr. Rending (degrees)
Fig«re3.5
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below (he height of several of the pipe supports. This causes the last 
section of the pipeline to decline slightly in order to connect with the 
slug catcher. This downward slope is better than an upward slope that 
would trap water in the pipeline and artificially raise the liquid height. 
This problem can be corrected by raising the slug catcher several 
incites. This should also be considered during the design of a new 
mixing chamber.
Measurement of the Transition to Slug Flow
The transition to slug flow was recorded by setting the gas 
velocity at a desired flow rate and slowly increasing the liquid flow 
rale until the transition was noted visually or with the conductance 
probe. The desired gas velocity was not constant, but would vary as 
the pressure in the supply tank rose or fell. The pressure would cycle 
between 98 psig and 112 psig over about 30 minutes. This would 
cause some fluctuation in the superficial gas velocity from 5.6% for a 
flow rate of 0.978 m/s to 5.8% for a flow rate of 4.844 m/s. The liquid 
velocity would be allowed to establish itself for twenty minutes before 
it would be increased. This is necessary to insure that the flow 
pattern would have time to establish itself. Figure 3.6 shows the 
result of not allowing enough time between adjustments of the liquid 
flow rate. The scattered points show an incorrect transition to slug 
flow as compared to Lin's study in a horizontal pipeline.
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Height of Liquid Before Transition
The height of liquid, h/D, was also allowed to establish itself 
before a measurement was recorded. In this case 10 to 20 minutes 
were allotted. The measurement represents the maximum liquid 
height before the transition to slug flow occurs. Any increase in the 
superficial liquid velocity will establish the slug flow regime. This 
measurement allows one to observe the stability of the system. 
Transitions talcing place at lower h/D values indicate a system that is 
highly unstable, for instance at higher gas velocities.
IV. RESULTS AND DISCUSSION
Flow Regime
Figure 4.1 shows the transition to slug flow at different angles of 
downward inoKnation. Measurements were taken for 0.00. 0.05, O.IO, 
0.25. ami 0,5 degrees of ineHnatide. As was expected, an increase in 
the superficial liquid Hour rate with increasing inclination was 
necessary to initiate slug flenr. This arises because a larger liquid, flow 
is needed to keep thfc liquid lewd constant as the inclination increases. 
This effect wax more prononneed at low gas velocities where the liquid 
flow rate at transition was twice as great with 0.25 degrees inclination 
than with a horizontal pipe. The increased liquid flow with increasing
27
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inclination was dampened as the gas velocity increased. At high 
enough gas velocities it was difficult to see a difference between the 
horizontal data and the data with 0.05 and 0.10 degrees settings.
The transition to slug flow would have been much easier to 
observe if the pressure transducer had been used. The reported 
transitions data relied mainly on visual observation. This visual 
method caused a scattering of the data which is particularly evident at 
low gas velocities. It was often difficult to observe whether slug flow 
or plug flow had occurred. Plug flow looks very similar to slug flow, 
but the mass of water in plugs is smaller than in slugs. The plug also 
travel slower and do not have the characteristic pressure drop. The 
region of plug flow can be seen in figure 4.2 as the shaded area. This 
plot compares the transition of slug flow as measured by Brock and by 
Fan with the mixing chamber, and by Lin with a "T" intersection; all 
the observations are for zero degrees of inclination. Fan's data 
indicates that the T connection causes the transition to occur 
prematurely at lower liquid superficial flow rates. This study 
observed the transition in agreement with Lin's observations between 
I and 2 meters per second superficial gas velocities, and with Fan's 
observation between 3.5 and 5 meters per second. There are several 
explanations for this. First Fan's pipeline might not have been leveled 
correctly. His transition appears very similar to the transition for a 
0.05 degrees downwardly inclined pipeline. This study might also 
have been observing plug flow. The region for plug flow occurs
29
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immediately below the transition to slug flow for gas velocities 
between 1 and 2.5 meters per second. This can be clarified in a future 
study by using a pressure transducer. Despite this disagreement it 
does appear that the mixing chamber causes the transition to slug flow 
to occur at higher liquid flow rates above 3 meters per second 
superficial gas flow rate.
Initiation of Slug Flow
The initiation of slug flow seemed to be strongly influenced by 
the formation of a hydraulic jump that would often appear about 4 
meters from the mixing chamber. The stratified flow was relatively 
smooth as it left the mixing chamber. This smoothness would diminish 
as the superficial gas velocity increased, but overall this section of the 
pipeline tended to have less t»rbulence at the gas-liquid interface. 
After the hydraulic jump small amplitude waves developed. These 
waves would travel down the pipeline growing in amplitude until they 
exited the pipeline. One can also imagine that long wavelength waves 
also are formed at the hydraulic jump, but they are more difficult to 
observe visually and would require the use of a conductance probe to 
study.
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The small amplitude waves formed at the hydraulic jump would 
also be influenced by the superficial gas velocity. The waves would 
become amplified earlier in the pipeline for the larger gas flow rates.
Another strong influence on the wave amplitude is the angle of 
inclination. The flow regime, that is prevalent before the transition to 
slug flow, for all superficial gas velocities studied, is wavy stratified 
flow for the horizontal, 0.05 degrees of inclination, and 0.10 degrees of 
inclination pipelines. As the angle of inclination increases the wave 
amplitude is damped to the point where a smooth stratified flow is 
established. This effect is due to the increasingly large liquid 
superficial velocity necessarily to establish slug flow. Figure 4.1 
indicates that the superficial liquid velocity had to more than double 
in order to establ:~h slug flow at one meter per second superficial gas 
velocity as the inclination of the pipe changes from 0.00 degrees to 0.5 
degrees. The increase in the superficial liquid velocity decreases the 
difference between the liquid and gas superficial gas velocities, which 
decreases the effect that the gas can have on wave formation. The 
smooth stratified flow observed for the 0.25 inclination at low gas 
velocities changes as the superficial gas velocity increases above j  
meters per second. All inclinations up to 0.5 degrees inclination have 
wavy stratified flow after 3 meters per second superficial gas velocity.
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Liquid Height
Lin's analysis of stability illustrated in figure 2.5 indicates that a 
smooth stratified flow condition (fi/fs = 1.0) should be more stable 
than a wavy stratified system (fi/fs = 2.0) for a horizontal system.
This would indicate that the liquid height at transition would increase 
as one moved from wavy stratified to smooth stratified flow.
This tendency was not observed. Figure 4.3 displays the average 
liquid heights at 1.01 meters per second and 2.18 meters per second 
superficial gas velocity. The trai.sition to smooth stratified flow can be 
observed as the difference between the average carpet height (visual) 
and the maximum peak height (visual) becomes smaller. As this 
transition occurs, the average height of the liquid rises slightly and 
then falls off almost to the initial value of h/D. The average liquid 
height for the 1.01 meters per second plot was estimated by taking 
one-third of the difference between the carpet and peak height. In 
the second plot the average liquid height was found using the 
conductance probe.
Williams (1990) observed similar results when he inclined the 
pipeline 0.05, 0.10, 0.20, 0.50, and 1.00 degrees downward. A 
comparison of the results of Williams and this study appears in Table 
4.1. Williams's h/D measurements tend to be larger at the greater 
inclinations than this study found. At the 0.5 degrees inclination his 
h/D measurements are about 9% larger This is probably due to the 
difference in the entrance to the pipeline. Williams used a T-
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Table 4.1 Comparison of average liquid heights
V$g equal to 1 (m/s)
Degrees Brock Williams Lin
(h/D) (h/D) (h/D)
0.00 0.592 0.70
0.05 0.656 0.627
0.10 0.660 0.658
0.20 ....... 0.673
0.25 0.640
0.50 0.505 0.576
1.00 0.565
Vsc equal to 2 (m/s)
Degrees Brock Williams Lin
2.1 m/s 1.8 m/s 2.0 m/s
(h/D) (h/D) (h/D)
0.00 0.484 0.520
0.05 0.523 0.523
0.10 0.511 0.555
0.20 0.565 -------
0.25 0.456 - - - - -
0.50 0.431 0.529
1.00 0.455
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intersection to introduce the liquid and the gas to the test pipeline. It 
appears that the mixing chamber allows larger liquid flow rates, but 
the transition to slug flow occurs at a smaller liquid height. Lin's 
results are also included in Table 4.1 for a horizontal pipeline. His 
results are about 5% larger for similar gas flow rates.
Figure 4.4 and 4.5 show conductance probe plots marking the 
passage of slugs. Figure 4.4 was obtained at an inclination of 0.05 
degrees downward, with a superficial gas flow rate of 0.936 meters 
per second and a superficial liquid flow rate of 0.196 meters per 
second. The slug flow is taking place in a wavy stratified medium of 
large amplitude waves which occupy 30% of the pipeline. As the slug 
moves along, it sweeps up water, which causes the drop in the liquid 
height behind the slug. After the passage of a pair of slugs this liquid 
level will be too low to support any more slugs. It will have to build 
',p again before slugging can be reinitiated. Slugging often occurs in 
pairs. As the first slug leaves the pipeline a momentary surge in the 
flow occurs which causes .he formation of a second slug close to the 
entrance to the pipeline. Figure 4.5 was measure at an inclination of 
0.25 degrees when the gas superficial velocity was 1.076 meters per 
second and the liquid superficial flow rate was 0.316 meters per 
second. This slug was formed in a relatively smooth stratified flow 
which has small amplitude waves (about 0.02 D). This slug was highly 
aerated which explains the ten to twenty percent difference in the 
height measurement and the diameter of the pipe, D. If there was any
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38
question whether a slug was actually passing, the velocity and 
pressure drop of the supposed slug would have to be measured. Again 
the liquid level behind the slug dropped.
V. CONCLUSION
In order to initiate slug flow in a downward inclined pipeline the 
superficial liquid velocity must be increased. This effect is most 
dramatic at lower superficial gas flow rates--bclow 3 meters per 
second. Above three meters per second the differences at low levels 
of inclination became increasingly smaller. This report was unable to 
differentiate between a horizontal pipeline, 0.0S, and 0.10 degrees of 
inclination betweer 3 and 6 meters per second. To increase the 
accuracy of the measurement of the transition to slug flow in this 
region and at all gas flow rates a local pressure transducer is highly 
recommended. Visual observation is useful in order to estimate where 
the transition occurs, but it does not always allow one to differentiate 
between large amplitude waves, plugs and slug flow.
The horizontal, 0.0S, and 0.10 degrees of inclination exhibited 
wavy stratified flow at liquid flow rates just below the transition to 
slug flow. This is in contrast to the smooth stratified flow that was 
observed at 0.25 and 0.5 degrees of inclination for low gas flow rates 
below 3 meters per second.
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The smooth stratified flow, did not exhibit an increased stability 
predicted by the Kelvin-Helmholtz instability theory presented by Lin 
(1985). This indicates that approximating a slightly downward 
inclined pipeline as a horizontal pipeline with the same liquid height is 
not a good way to predict the stability of the system. The gas flow 
rate is probably not strongly influence, but the liquid flow rate, due to 
its large density, is affected. The critical liquid height increased 
slightly with inclination for wavy stratified flows, but then sharply 
decreases for the smooth stratified flows at higher inclinations.
Similar results were also reported by Williams (1990), but with 
larger liquid heights. Lin's results for a horizontal pipeline were also 
slightly larger. It is felt that this is due to the mixing chamber 
entrance to the pipeline. The mixing chamber caused the transition to 
slug flow to occur at larger superficial liquid flow rates, but smaller 
liquid heights. Pan found similar results at all superficial gas flow 
rales, but this report only noted this effect at superficial gas flow rates 
above 3 meters per second. Again this might be due to flaws in visual 
observation. To further investigate this discrepancy a pressure 
transducer should be employed.
Small amplitude, and possibly large amplitude waves, often 
formed at a hydraulic jump that would appear several meters 
downstream of the mixing chamber. It was felt that these waves were 
die pipeline. No slugs were observed forming in the mixing chamber, 
but further studies are recommend to verify this observation.
It is recommend that recalibration of the gas flow rate and the 
conductance probe be carried out in order to discover if these 
measurement devices are operating correctly. The downstream 
pressure tap of the orifice meter is leaking, and the conductance 
probe was exhibiting a non-linear calibration curve contrary to the 
observations of Lin (1985) and Williams (1990).
VI. NOMENCLATURE
English Letters
A cross-sectional area
Cb orifice coefficient
Cr wave velocity
D diameter of pipe
K coefficient for venturi meter
W mass flow rate
V velocity
Y expansion factor for orifice meter
g acceleration due to gravity
gc proportionality constant
h height measurement
k orifice coefficient
m venturi coefficient
r pressure ratio
u local velocity in liquid
Greek Letters
0 the difference between to like quantities
J Kelvin-Helmholtz coefficient
r density
y kinematic viscosity
t shear stress
Subscripts
G gas phase
L liquid phase
SG superficial gas
SL superficial liquid
a quantities spatially averaged over length
i at the gas-liquid interphase
s at the gas-liquid interphase, assuming interface is
hydraulically smooth
1 up stream
2 down stream or at the orifice
Superscript
time average quantites
amplitude of fluctuating component of perturbation 
dimensionless quantity by dividing by D or A of the pipe
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Appendix A
Flow Meter Calibration
William* (1990) calibrated the orifice meter the measures the gas flow 
rate and the venturi meters that measure the liquid flow rate.
Gas Plow Rate
The mass flow rate for the air supply can be calculated with
and b is the ratio of the orifice diameter to the gas supply line diameter, k is 
equal to 1.4, and r is the ratio of the down stream pressure tap, Pg, to the up 
stream pressure tap, Pi. Williams measured the orifice coefficient, CD, to be 
0.62. The DP is supplied by a mercury or a red merian oil manometer.
There are also Ugh and low pressure gauges to supply Pi and Pg Equation 
At can then be
W
where Y is an expansion factor defined by
V -  1
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uted to calculate the superficial gat velocity using
» » - %  ( « )
where the area it the croti-section of the tett pipeline. All meaturementt 
were made uting an orifice plate with a hole diameter of 1.16 cm.
Liquid Plow Rate
The liquid flow rate can be calculated uting the empirical equation
■ kM "  (h )
where K it 0.0188, m it 0.505, and Dh it the height difference on the blue 
meriam manometer in mm. Thit will give Vsi in metert per tecond.
Appendix B
Computer Program
The following FORTRAN program was used to calculate the superficial 
gas velocity to save time. It can be used for the three different gas 
supply lines and several different oriffice plate even though this 
report only used the 1 inch gas line and an orifice plate with a 
diameter of 0.4S6 inches.
c This is a FORTRAN program to calculate the superficial gas 
c velocity
c from the pressure and temperature data taken on the 3.75 inch 
c test
c pipe in the Mechanical Engineering Laboratory.
REAL DPIPE, DORIFICE, REDOIL, MERCURY, HEIGHT. DENAIR,
~ DENAIR2
REAL MWAIR, R, T, PI, P2, Al, A2, B, ATP. RATIO v ' , CD, W, VGS 
HEAL G, DENSITY, RAD, DIFF, NOM, DENOM 
INTEGER X, Y, Z, M, M, O, P, CONTINUE
c DPIPE is the diameter of the gas supply line (m)
c DORIFICE is the diameter of the orifice (m)
c REDOIL is the density of meriam red (kg/m3)
c MERCURY is the density of mercury (kg/m3)
c HEIGHT is the reading from the manometer (ni)
c DENAIR is the density of air at PI (kg/m3)
c DENAIR2 is the density of air at one atmosphere (kg/m3) 
c G is the gravitational acceleration constant (kg/sec2) 
c MWAIR is the molecular weight of air (kg/mole)
c R is the ideal gas constant (J/mol K)
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c T is the temperature of the air (degrees C) 
c PI is the pressure on gauge 1 (the high pressure) (Pa)
c P2 is the calculated pressure do to the pressure drop of the
c orifice (Pa)
c A1 is the cross-sectional area of the gas supply line (m2)
c A2 is the cross-sectional area of the orifice (m2)
c B is the ratio of the orifice diameter to the pipe diameter 
c ATP is the cross-sectional area of the test pipe 
c RATIO is the ratio of P2/P1 
c Y1 is the expansion factor
c CD is the orifice coefficient
c W is the mass flow rate of gas (kg/sec)
c VSG is the superficial gas velocity (m/sec)
c density is the density of the monometer fluid (either merimian 
c red
c or mercury)
c defining constants
DATA REDOIL /8.27E2/
DATA MERCURY /1.35413E4/
DATA 0  /9.8066/
DATA MWAIR /2.90E-2/
DATA R /8.314/
DATA ATP /7.126E-3/
DATA CD A>.62/
DATA DENAIR2 /1.204/
c choosing the manometer 
10 X = 0 
Y = 0 
Z = 0
WHILE (X .NE. 1. AND.X.NE.2)
WRITE(*,*) 'Enter 1 if you are using the mercury manometer.' 
WRlTEf*,*) 'Enter 2 if you are using the red oil manometer.' 
READ(* ,*) X
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IF (X.EQ.1)THEN 
DENSITY = MERCURY 
ENDIF
IF (X.EQ.2) THEN 
DENSITY = REDOIL 
ENDIF
IF (X.NE. 1.0.AND.X.NE.2.0) THEN
WRITE(V) 'THAT IS NOT CORRECT.' 
ENDIF
END DO
choosing the gas supply line
WHILE (Y.LT.l .OR.Y.GT.3)
WRITE(*,*) 'Enter the gas supply line being used.' 
WRITE(*,*) '1 for the 10 cm pipeline.'
WRITE(*,*) '2 for the 5 cm pipeline.'
WRITE(V) '3 for the 2.7 cm pipeline.'
REA DC",*) Y
IF(Y.EQ.1)THEN 
DPIPE = 10.23E-2
WHILE (Z.LT. I .OR.Z.GT.4)
WRITE(*,*) 'Enter the orifice plate being used.’ 
WR1TE(*,*) T for the 6 cm hole.' 
WRITE(*,*) '2 for the 5.6 cm hole.' 
WRITE(*,*) '3 for the 4.6 cm hole.' 
WRITE( »,*) '4 for the 3 cm hole.’
READ(*,*) Z
IF(Z.EQ.I)THEN 
DORIFICE = 6.147E-2 
ENDIF
IF (Z.EQ.2) THEN 
DORIFICE = 5.613E-2 
ENDIF 
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IF (Z.EQ.3) THEN 
DORIFICE = 4.597E-2 
ENDIF
IF (Z.EQ.4) THEN 
DORIFICE = 3.073E-2 
ENDIF
IF (Z.LT. 1 .OR.Z.OT.4) THEN 
WRITE(*,*) 'THAT IS NOT CORRECT.’ 
ENDIF
END DO 
ENDIF
IF (Y.EQ.2) THEN 
DPIPE = 5.250E-2
WHILE (Z.LT.l.OR.Z.GT.3)
WRITE(*,*) ’Enter the orifice plate being used.’ 
WRITER,*) ’I for the 2.9 cm hole.’ 
WRITER,*) ’2 for the 2.1 cm hole.’ 
WRITE(V) ’3 for the 1.9 cm hole.’ 
READ(* ,*) Z
IF(Z.EQ.1)THEN 
DORIFICE = 2.896E-2 
ENDIF
IF (Z.EQ.2) THEN 
DORIFICE = 2.101E-2 
ENDIF
IF (Z.EQ.3) THEN 
DORIFICE = 1.9 IE-2 
ENDIF
lb (Z.LT.1 .OR.Z.GT.3) THEN 
WRITER,*) ’THAT IS NOT CORRECT.’ 
ENDIF 
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IF (Y.EQ.3) THEN 
DPIPE = 2.664E-2
WHILE (Z.LT.l.OR.Z.GT.4)
WRITE(*,*) 'Enter the orifice plate being used.' 
WRITER,*) ’1 for the 0.575 in hole.' 
WRITE(V) ’2 for the 0.456 in hole.' 
WRITE(*,*) '3 for the 0.258 in hole.' 
WRITE(V) '4 for the 0.215 in hole.’ 
READ(**)Z
IF(Z.EQ.I)THEN 
DORIFICE = 1.461E-2 
ENDIF
IF (Z.EQ.2) THEN 
DORIFICE » 1.158E-2 
ENDIF
IF (Z.EQ.3) THEN 
DORIFICE * 6.553E-3 
ENDIF
IF (Z.EQ.4) THEN 
DORIFICE = 5.461 E-3 
ENDIF
IF (Z.LT. I .OR.Z.GT.4) THEN 
WRITE(*,*) THAT IS NOT CORRECT.* 
ENDIF
END DO
ENDIF
IF (Y.LT. 1 .OR. Y.GT.3) THEN 
WRITER,*) THAT IS NOT CORRECT.'
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END DO
ENDJF
ENDIF
END DO
entering the temperature of the air to calculate the density 
W RITE(*,*) 'Enter the temperature of the air in C.'
READ(* *) T 
T = T + 273.15
entering the high pressure gauge reading
W RITE(*,*) 'Enter the high pressure gauge reading in Psig.'
READf*,*) PI
PI = (101325/14.696)*(P1 + 14.696) 
entering the height
W RITE(*,*) 'Enter the height reading from the manometer in cm.' 
R EA D (V ) HEIGHT 
HEIOHT = HEIGHT/100
calculate the density of air in the gas supply line 
DENAIR « (PI *MWAIR)/(R*T)
find the pressure drop, P2, the ratio of pressures, B, and Y 
P2 = PI - (DENSITY - DENA!R)*G*HE1GHT 
RATIO = P2/P1 
B = DORIF1CE/DPIPE
Y1 » 1 - ((1 -RATIO)*(0.41 + 0.35*(B**4))/|.4) 
find the areas
A1 * (DPIPE**2)*3.141592/4 
A2 = (DORIFICE**2)*3.141592/4
DIFP » PI-P2
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NOM = DIFF*2*DENAIR
DENOM = 1-B4**4 
RAD = NOM/DENOM
W = CD* Y1 * A2*SQRT(R AD)
VSG = W/(ATP*DENAIR2)
WRITE(*,*) The superficial gas velocity is VSG. ’ in m/sec.'
WRITE(*,*) WOULD YOU LIKE TO MAKE AN OTHER 
-  CALCULATION?'
WRITE(*,*) 1*Y, 2=N‘
REAIX* *) CONTINUE 
IF(CONTINUE.EQ. 1) THEN 
GOTO 10 
ENDIF
STOP
END
Appendix C
Tabulated Data
Transition to slug flow
degrees Vso (m/s) V s L ( m / s )
0.00 1.037 0.183
1.309 0.158
1.749 0.150
1.942 0.157
1.992 0.151
2.749 0.143
3.563 0.197
5.231 0.218
0.05 1.041 0.203
1.368 0.179
1.419 0.168
1.616 0.166
2.024 0 . 1 - -
2.139 0.169
3.039 0.162
4.198 0.221
4.701 0.221
0.10 1.072 0.237
1.399 0.201
1.658 0.166
1.904 0.174
2.217 0.175
2.784 0.151
2.896 0.152
3.746 0.198
4.501 0.222
d e g r e e s Vsg (m/s) V s L ( m / s )
0.25 1.076 0.315
1.451 0.285
1.746 0.260
1.722 0.259
1.824 0.251
2.022 0.238
2.952 0.198
3.675 0.233
5.406 0.224
0.50 0.976 0.384
1.411 0.344
1.771 0.307
1.879 0.290
2.242 0.285
2.939 0.271
4.286 0.277
4.514 0.271
5.241 0.264
Liquid Height Measurements
VSG = 1.01 m/s
degrees ave. carpet height ave. peak height ave. 1
(h/D) (h/D) (h/D)
0.00 0.496 0.797 —
0.05 0.605 0.762
0.10 0.615 0.694 ..............
0.25 0.622 0.671 ..............
0.50 0.504 0.504 ..............
VSG = 2.18 m/s
degrees ave. carpet height ave. peak height ave. 1
(h/D) (h/D) (h/D)
0.00 0.411 0.717 0.484
0.05 0.403 0.702 0.523
0.10 0.436 0.686 0.511
0.25 0.453 0.453 0.456
0.50 0.428 0.428 0.430
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